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Scotisn 1
PRPOSE

This research progrss is soncerned with the Investigation of
coatings for increasing efficlency of and jwoviding protectlon fo
sildcon solar cells used for converiing solar enevgy into electrical
energy for space pover systems. Sush mrotovoliafc conversion of
solar energy has evolved as the prlmary state-of-the-art sours2 of
auxiliary power for azall asd interzediate space vehicles, Tae ad-
vantages of solar energy for $udh purposcs are well known and will
not be discuseed herc.

In the United States, 1 by 2 ¢z p-on-n sllicon cells are
currently being used for al=ist all space power systesms. Spectirally
selective coatings are applied to She cell swrlaces to reduce the
operating temperature, increase efficiency, and $o grovide motec-
tion against mechanical darage, surface contamination, micro-

meteorite erosion and beta radiation.

These cell conbtings may b2 applied elther directly to the cell
surface or to thin glass siips which are, in turn, bonded to the
cells. Tnis latter class provides maximum wotection against the
various environrenial hazards and are, therefore, being used almost
exclusively in current syace programs. The type and thickness of
glass depends upon the misscion, and may vary from 3 mil microsheet
to 70 mil radiation resistant formuistions. The two varieties of
cell coatings are schematicaily illustrated in Figures 1 and 2 below.
In Figure 3 is shown a photograph of a tyypical coated cell array.

Although these mrotective proverties are of extreme imyortance,
the primery purpose of the coatings is to increase conversion
efficiency by reduction of operating temperature. The temperature
degradation of silicon cells is well known. Materials having higher
energy gaps than silicon might be expected to have better thermal
characteristics, but experimental evidence indicates that for current
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cells the difference 1s szall because the rate of minority carrier
generation goes up faster than s predissed fram energy gap consid-
crations alone. The jrcblen of therzal degradation of photovoltaie
solar generators is common 2 All sewloondustors, and my, in fadt,
be not apmreciably worse for sillicon than for produation cells of
galliws arsenide and other wmaterlals which had baen held ocut as
mroxising substitutes. The importance of temprrature reduction
techniques is, therefore, lmportant to all photovoltale systeus, but
this investigation is limited vo siiiecon.

The progrem is divided into three tasis:

(a) Trermodynanic considerations of celli coatings

(b) Bvaluation of state-of-tiac-art coatings, and

(c) Adaptation of tue Spactrolab window bty cortings to

silicon solar czlls,

Task (2) involves 2 brief therral study o the effect of cell
coatings on a typicel oriented solar penel. The cfficiency goins
are determined reiative o a similer uncosted panel. The analysis
is intended %o demonstrate the general usefulness of the technique.
To obtain numerical resuls it is necessary to assume a specific array
configuration. Fcr this parpcse a typical oriented ranel configur-
ation was chosen end all extrencous sources of heat were neglected.
The results, therefore, ave, in gsneral conservative; for example, for
a non-oriented sysiem the effects of the coatings ere significantly

greater than for the erray chosen here.

Task (b) includes the study of spectral characteristics and
physical and environmental properties of state-of-the-art coatings
suitable for application to silicon solar cells. A survey of all

coating firms has been made and coatings have been obtained from two |

sources .otha' than Spectrolab. Only one of these other coatings was
found to be satisfactory. Among the characteristics which are being
investigated are the spectral transmittance, reflectance, and
emissivity. These parameters are being measured for both coated and
uncoated cells. Three types of Spectrolab coatings and one from
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Optical Coating laboratories, Inc., were found tc hawve spictval
characteristics suitable for the short wavelength type of eeil

coating,

Tais series of four coablings was then farther studied in an
eavironsental tect sequence approxirating those aurrently in uee
in various space pograzs. Tnese specific tests include tundidity,
nigh temperature storage, lov teamparatwre storage, tezperatuwre
ghock, and vacuus storage. In addition, uitraviolet and beta
irradietion tests are being performed.

Tack (c) involves tne adaptation of the Speetrolab window type
coating to silicon solar cells. For Shis jparpose tt is necessary
to move the I-R reflection band Purther into the infrared and to
provide high transuission efficiency between approximately 5 and 1
micron, as compared with the Ji to .7 =deron transmission band of
the original coating. Moreover, it is desirable that absorbance in
the I-R region beyond 3 =microns be introduced so as to increase the
emissivity for directly deposited coabings.




Seation 2
ABSTRALT

Toe use of opectrally celaective coatings as filters for silicon
solar cells is under investigation. Tehe jrogran is oriented primarily
toward auniliary povey sysiems for smee vehicles, but the resulls
ray, to a certain extent, nave other applications. A general study of
the thersal balance of a solar pancl in space and the resultant effect
on array efficiency is exanined and a speeific example is studied.
Tais example is an isolated, oriented array with an active area
utilization of 85 percent. Tae output of this parel is computed for
solar intensitics corresponding to Mars, the Barth, and Venus for
current coating types and for the "window" type coating currently
under study, and the resulis are compered to a bare panel.

The physical mroperties and envirommental characteristics of
state-of -the-art coatings are also being studied. Measurements of
the spectral transmitiance, reflectance and emittance for coated cells
are being obtained. Environmental tests include humidity, high and
lov temperature storage, temperaturc shock, vacuum storage and ultra-
violet and beta irradiation.

Adaptation of the Spectrolab infrared "yindow coating" to silicon
solar cells is being studied. Three separaie probiems are under in-
vestigation. These include:

1. Modification of the configuration to extend the long
wavelength cutoff from 700 to 1000my,

2, Improvement of the environmental stability, and

3. Increase in the long wavelength emissivity.

In connection with the first phase of this task, an experimental
curve is presented. In connection with the second and third phases,
the rare earth oxides, fluorides and oxyfluorides are under study.

g .




Seation 3
PUBLICATIONS, I20TURES, RIPORIS AND CONFERENCES

Tue folloving publications, lectures. reports and oconferences have
resulted directly fron research sad developrent by Sgectrolab under
Contract No. DA 36-039 §0-8528% during the period 25 January through
30 June 1960:

Publication and Lesture

"Spectrally Selective Opiical Coatings”, by A.B. Winn, mesented
to the Fourteenth Annual Pover Scources Conference in Atiantic City,

Kew Jersey, on 17 May 1960 and subsequently mublished in "Proceedings"
by the PSC Publications Committee.

Reports
Monthly Letter of Progress Reports 1 through 6 nave been

subaitted as follows: MNo. 1, Jamuary; No. 2, February; No. 3, March;
No. 4, April; MNo. 5, May; and Ho. 6, June. All were prepared under the
title, "Investigation of Optical Contings for Solar Cells",

Conferences

Remresentetives of the Power Sources Divisicn cof the U. S. Army
Signal Research and Develomrent lLaboratory, Fort Monmouth, liew Jersey,
and of Spectrolab, Incorporated, have mebt as follows:

In attendance on George Hunrath Fower Sources Div.
23 January 1960 at the  Stuert Shapiro g f "
Hexagon, Fort Monmouth Emil Kittl " " "

16 May 1960 in William Shorr " " "
Atlantic City Alfred E. Mann Spectrolab

In attendance on Stuart Shapiro Power Sources Div.
15 June 1960 at Alfred E. Mann Spectrolab
Spectroladb in Ronald Bell " "

North Hollywood Stanley DeCovnick " "
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Section 4
FACTUAL DATA

TASK OlZ: Tuerzal Analveis or Spectrally Selective Cell Coatings

In order to determine the optimun characteristics of spectrally
gelective coatings for silicon solar cells, i% is necersary Lo cblalnm
the general expression for the erficlency of a coated cell relative
to an uncoated one. Since this necesesrily Involves the therral de-
gradation of the cell array, the equilibriuw temperature rust be
computed. Tae therzal balance for a cell in typleal spplication is
developed below.

The heat input to a solar array in emce is the swwation of
absorved direct soler energy, albedo and ther@mal energy from planets
and nearly auxiliary (vehicle) surfaces, internal power losses, and
conduction fro=m other portions of the vehicle. Tne energy output is
the sumwation of thersel radiation to spece and nearty surfaces, con-
duction to other portions of the vehicle, and the coaverted electrical
energy. The equilibriusm temperature is that at whizh the sum of
energy input and output is equal to zero, {i.c., Q'.[ + QO =z 0,

Mathezatically,
(Bquation 1)
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Where:

Solar Converted Baergy

The unprimed quantities are solar panel elesents
The primed quantities are planet elements
The double jrimed quantities are vehicle clements

=

SO >

arca of componendé
position vector

unit vector normal to surface at endpoint of the
appropr-iate position vector

coefficient of thermal conductivity

electrical conversion efficiency

spectral absorptivity

temperature, °K

reflection coefficient

coefficients, Planck's black body radiation equation
solar irradiance




Por mrposes of tals typicsi snalysis, the vehicle position
will be considered to bo such thay there 1o negligivie incident
albedo or ther=al emission from plancts and that the vehicle conlig~
urasion is such that there is sufficient dsclation between the solar

array and vehicle to prevert reflectance, therval emlssion axé eon=-
ductance to or from the vehlcle fvsell. With these simplifications,
and neglecting pover losses on the yanel, (e neat input reduces Lo
dtwaot solar radiation alome. If 1% 45 also asswned that the zanel
temperature is waiforsm, then the thermal radiation froa the
yanel can be expressed in terss of the more coMmOA Stefan-Boltzrasn
iaw and the ther=al balance equation then sixmplifies to:

-5 (2)
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Tne integral in the radistive expression of Squation 2 is the

effective therznl exissivity, L.c.

¢ a}‘ "
Iyl ey o
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Tae ebove essumptions would correspond for example, to a typical
well-desigred spece mrobe with an isoleted array at a considerable
distance from the Berth. In order to obtain some numericel results,

such a venicle will be studied where: the solar paneis are flat end
verfectly oriented; the active area covers 85% of thae front surface,
the remaining 15 percent having an emissivity of .2 and a solar
ebsorptivity of .3; the reer surface emissivity is .85; and the
nominal cell conversion efficiency is 10 percent*. An analysis of such
a system, using Equation 2 with dete which will be described below,
reveals that the array would reach an equilibrium tempereture of 86°C
when irradiated by a zero-sir-mass insolance of 140 mw/cm.

Mea.su.red at 25°C and air-rass-zero illumination. Such a cell corre-’
sponds to a commercial 12% cell (measured under alr-mass-one illumina.tion)

=B=



Tuis calenlation fs based upos tie zoro-air-nass solar Irvadiance ad

ghown in Pigare & sad the speetrsl abosrplivilty (emsﬁvi%y) for a
typieal uncoated silfecon oell, &s showvn in Figare 5. For parposes of

conpetation, tie enissivizy was welghted by the smotral distribution
of a 50°C black body & shown in Figare 6.

Using the delinition Tor effective theraal enissivity given in
Bquation 3 and ihe geonetry snd surfaee oharsaterictics described
carlier, ihie tiemal bhalance (Bguasion 2) reduces for an oriented jonol
to:

2@ »(t-4)a -8(7)=
e ¢ e’y
(%)
L

et (b, € -4)E, " E)

where the subscripte @, p, wed v, velor to the aellve celil, inacti
wl, and rear mnel, sespcetively; sad Ajt is the Pfractions) sclive

ecell area. For the nodel gancl:

150 ::w/cz:f‘

3 &
* .7 ,.":'jué) ! 2 1 :i

e =5.07x 10 srsfen” [ieg
l\c b 08)
a =.3
“p
£ = .2

P
€. -8

Using the date of Plgures 4, 5, end 6, and perlorming the indicated
moduct integrels, for & bare cell: 50 s JG2; ?c = .31. Substituting

this data, Bguaticn & rmay be written:
2 J

250 (.85 % .2 + .15 x .3 - () =

(5)
5.67x 10722 2% (.85 x .31 + .15 x .2 + .85)

The cell efficiency 5 must be adjusted in accordance with the
thermal degradation of & typical solar cell (assumed to be operating at
maximum power point of the E-I characteristic) as snown in Figure 7. A
solution of this implicit equation results in a yanel tempergture of
86°C and a cell efficiency of 6.7 percent (relative to AMO - 10 percent
at 25°C),

- 9 =




It is next desired to determine the effeet of application of
spectral coatings to the cell swriaces. By evaluating the gains
resulting from varying the characteristics o 8 given class of coatings,
1t 1s tnen possidble to determine the opbimun specifications for esch
coating class.

Obviously, the ideal fllter would have tie afghest possible
trancuission in the energy conversion spectral region, the highest
possible reflection in that portion of the colar spectrun where conver-
sion efficiency is negligible, and the highest possible enlssivity in
tho thersal reglon, beyond 3 to Su. Transitions between reflected and
transmitted reglons should be quite sharp, but the transition to
absorptivity in the 3 to Su region 15 not eritical. Optimization for
cach given class of filter iuen reduces to nerely determining the
wroper cutoff vavelength at which the transmission is 50 pereent. The
analysis was performed by computing the gain effected by varying the
cutoff wavelengths ond then merely noting the peak of the resulting
gain curve.

In computing perfor=mance it is necessary to take into consideration
the transmission loss of thefilter, as well as the efficiency gain
resulting from the decreased temparature effected by its presence. Tane
effective transmission factor is given by:

T =Jo S() B(\) t() dn
% £cgsx EEK) d}.) (6)

where S is the cell sensitivity, B is the solar irradiance, t is the
filter spectral transmittance, and Es is the effective transmittance of
convertible air-mass-zero insolance, i.e., the reletive performance of
a coated to an uncoeted cell et a given temperature.

The output of the coated panel to the uncoated panel, neglecting
second order effects of illumination level on cell efficiency, is

simply:

B -
b (7)

c -
B, ~F(E) " b
where F(T) is the functional value of B(T) as given in Figure 7. The

absolute output per cm2 of panel area in lbf()nr.-t/cm2 insolance is:
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(3
BxA s, x P(F) x F, = 210 x .85 x .20 x (7)s T = on9R(r) T .

where B, 1s the noxdmal oell efficlency at 25°C and zero-air-vass-sun
(corresponds to 83% of commercial specification or air-macs-one,

Taree different coating types were examined In this study:
the Spectrolab ultraviolet rejection filter imown as Solakote "A" (typical
spectral transuission shovn in Figwe 8); the Llue-viclet reflecting filters
offered comercially by Spectrolab and OCLI (typiezl curves chova in Figures
9 and 10 resmctivcly) ; and on idealized characteristic for the window type
coating as shown in Figwes 11 and 12. Tae substrate is assuzed 50 be Corning
Type 0211 microshect glass, Toe enissivities sre, Ltherefore, essentially the
sa=e for all the coatings. A typical coated cell exissivity fs showm in
Figwe 13.

The short cutoff of Solakote "A" does not materially affect the solar
absorptivity and reduces the effective Pilter transuission as defined in
Equation (5) by less than 25.

For the blue-violet reflecting filter the effective efficiency gain
was computed asswaing the spectral characteristics shown in Pigure 14, with
the cutoff varying froa 35C to 550 =q. Similarly, for the window coating,
the characteristics shown in Figures 11 end 12 were uged and the short wave-
length cutoff was varied over a similer range. Tae problem arises as to viat
is the optimum long wavelength cutoff of the window coating for a given short
wavelength cuton. Tnis can be determined by consideration of the effects of
progressive increments of wavelength on cell performance. The energy ina
given wavelength increment produces two effects: It provides an increment
of converted energy, and it incrementally heats the cell, Tne proper match
of the long wave cutoff to the short wave cuton is that for which the ratios
of converted energy to heating are equal, i.e., if ,\1 and )‘2 are the short
and long wavelength transitions, respectively, then:

B(n) s AN | E(y) 80y) Ax

ETh) B E%,) A% 2
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The outpst of the resultant coated panel relative to an unsoated
mnel for the above model is obtained from BEquation 7 using the adbove
data. The results are plotted im Figure 20 for the three coating types
under 1llunination levels corresponding to orbits near Venus, the Barth
and Mare. As would Le expeoted, the higher selectivity is desired
for the higher 1llunination levels., Thus, near Venus, the window type
coating more than doubles the panel cutpit of ke bare e2ll., MNesr
Barth, the window type coating is also very effeotive in providing a
eain of approxirately Lok, At the lov flluaimation lewel near Mars,
the increased selectivity of the window coating is of questionable
value, and for econoxdc reasons would nob be resomeended,

Tne optizum cutoff wavelengtis for the varlous coating types for
each 11lwsination level are those for which the relative cutput curves
poak. Adtually, the coating speciffcalions are dependent upon the
solar panel characteristics and the orbital conditions. Tne resultsc
plotted in Figure 20 and the conclusions which follow are for the model
panel deseribed on Page 8. Undey flluaination conditions near lars,
the use of any coeting must be justified by otuer considerations than
increased efficicncy, i.e., nechanicel erosion or durage fron wmdero-
soteorites or bete radintion, ete. Near Barth the elfects of the
coatings are significant and neor Venus the coatings should be as
selective as possible.

For the blue-violet reflesting Pfilter on an Barth sateilite, the
optizum cuton wavelength would be between 400 end 450mt. Tne outwt is,
hovever, not appreciably greater then for Solakote "A" with & 400 mpt cuton.
Mear Venus, the optimus cuton wavelength for the blue-violet reflection
filter would be apmroximately 450 mu. Tne output would be almost {wice
that for an uncoated panel.

For the model panel in an earth orbit, the equilibrium temperature
with a window coating with a 350/1130 bandpass would be approximately
25°C. As the bandpass is narrowed and the reflection increased, the
temperature declines to -11°C. for a 500/980 bandpess. Referring to
Figure 7, it is seen that the slope of the efficiency versus temperature
curve begins to decline appreciably below 0°C. so that no significant
advantage arises from the greater selectivity of the narrower bandpass.

-13 -



Near Venus the opSizan Landpass for the window coating would have
50% points at 450 and 1050 =p. For the model jamel, the cutput would
bo apmroxirately 2.2) times that of the umosted mnel (355 higher thanm for
the Solakote "A" panel).

The assuzed ctaracteristies for the nodel parel would generally
result in lover temperatures shan for other configurations and en-
vironzents. For exanple, incidence of planet slbedo and IR womld
raise all temperatures. The effeet of highey temperalures would be
to increase the efficiency gnins arising from the coalings. Tue
greatest differences would be ceen ia all curves for a Mars orbit and
for "Solskote D" in an Earth orbit. Tue window doading would achleve
greater relative gains and the cutut characteristic as swovn in
Figure 20 would be sodified to introduce pels nore like those for the
Venus illuwmination level.

Swrarizing the above data and conelusions, for solar cells with the
response and therzal charasteristics of Figwes 15 and T, an agg:r?;rmw
wavelength cuton specification for bot: the blue-violet reflecting
and the window coating would appeor to be approxizately 550 wp, for
{1luws=ination levels corresponding to the Barth through Vemus. Near
Barth, all threc coating classifications wrovide significent pouer gains,
but the ultizate choice will depend upon & careful thersal analysis for
each vehicle configuration. Tae window coating will be considerably
more important for some penel configurations than for the model investi-
gated here.

For higher illumination lcvels, the greater selectivity of the
window coatings is of great importance. For levels corresponding to

' Venus (268mw/cm2), the long wavelength cutoff should be about 1050mjt.

For systems using optical concentration, a window coating with
I still greater selectivity may be necessary. However since this
mrogram does not jnclude consideration of such devices, no analysis
‘ has been included in this report.

[‘ -1 -
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TASK TM2: Damluatice of State=af-the-Art Coa®ings

A ounrvey WAg amdusted by =mall of 1% manufagbwrers of yasauR dee

ne #

poatiad coating? and soler eelis Lo sdilelld enat» gpopevation in W

prase of the effort, Tue Pleh-Selurmarn Qorporation aud Optica: Coe

£}
£
&

1ah smeories, Ine, fndleated & W 1LIRENESD TD IDLJEratd. Bepiles from

Nastnay Kodak snd Palrd-Atonic tndloated that they ars nib % tre
predent Line offering eoaTingd & watfiealiy for 8ouar walis, We wer?
ilngness 1o

tnfommed by Wreonsl emitiaes of Banseh snd Lowh'e WIlilngns

asoEraie., bab 70 rorspl aakucviedgenent has bean reaelved Prom T
1

Hefs progran LA88, enemefore, proceeded using ine To
1. Sgatzolsh Ty A-h2 7

2. Speetrolab Ty B 1/8/560 4
3. Spectrolad Type B 2/0/WT0 - X
L, 03I Type 207 802 hGD " 2k

g, PraksSchurran Tyge 3119 " 25
Tea evaluatlion canglsts of she following pwsss:

Py

(a) Meamwenont of Sprotml Chax abteristics

(t) Bvaiuation of Sutability for Appliestion e §iitaon Ssiar S2ile

(c) TDesting of Revironuental Stablility

A58 (a): Mensarezent of Spretral Grasasteristics

Sampies of the abym Fiisers were laminated %o & LuQd" glass

>

of index 1,92 and the begngmitiante CUrves mensuead ower e T2 15

%
&
pae

o3 Lo lmicroncn Parkin-Slmer Spectracord manochromator. Tne IefuLls

are tresenbed as Pimires 21 erdugh €. <0

e,
yatoad by k-l/ifh 4o account for gue gecond surface refizctance cf

mounting pinte. Tne curves @re, sherefore, representative of the

as anplied to the solar e2ile

In Figare 256, is the iv 14shed

tynical sweve 5f tne Plen-Schurmmn Paiber, Tne +twangmissions have bean

e Pish-Szhurma: filter has en effeative transmissilr icse of

mewe *hen 10p. Although this configuration does have & nerrdd refiection

in the rear I-R, the gain resulting from the thermal effests wouid nob

bvaiance the filter transmission losse. Morecver, this samrle is charasterized

by a significant ultraviolet-violet spectral nieak" wnich would nob yrotect

against U7 degradation of bor:ding resins. Fcr theee reasons, no further

1nvessigation vas made of the Fish-Schurman Type 3119 fiiter.
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The rerzaining four coatings are under continuing investigation.
Any other coatings which becoxe available will also be evaluated as
tine perwmits. Twe OCLI Type 207-80C is speotrally equivalent to
Spectrolab Bf2/C. The Spectrolab B/1/S coating has soncvhat higher
ultraviolet reflectance, and hence 1s siightly wore efficient as a
speetrally selective coating, but is somevkat eensitive to hwatdity.
Oz the other hand, it is not as gensitive to cold temperature
extrenes and holds up well at teaperatures of below -130°C.

Tue infrared reflectances of three typleal cells coated with
various glass type coatings are ghowm in Figwes 27, 28 and 29. Tais
dats was cbtained on a Perain-Blner Model 13 Spectrophotoneter with
specular reflectance attachiment., Since there is very 1ittle
seattering from the surfaces, the specular reflectance adequately de-
seribes the structure of the filter infrared characteristics.

Tae ultraviolet reflectances of the varicus Pilters are cwrrently
under investigation and data will be presented in the next report.

FHASE (b) Evaluation of Suitability for Application to

Silicon Solar Cells

Tae five coatings investigated to date are all of the glass &ype.
Soze directly deposited ccatings will be examined later. The three
Spctrolab coatings were deposited on 3 mil Corning sicrosheet glass,
Type 0-211. The OCLI coating was deposited on 6 mil Corning 0-211
mierosneet. The Pish-Schurzan coating was deposited on an unknowm
.0%0" thick glass.

Bxeept for use in high radiation fields, it is generally desirable
to keep the glass as thin as possible. For this reason, many contractors
specify 3 mil slips, although 6 mil slips are also widely used. In
applications where radiation damage is anticipated, special radiation
resistant glasses of the order of .060" to .070" may be required.

The substrate supplied by Fish-Schurman is considered unsuitable,

but no attempt was made to obtain thin slips from them, since the
spectral characteristics of the coating supplied did not meet the gen=-
eral requirements for the application.

- 16 =



Tonere appearcd to be no mrticular differcace in handling of the
other coatings and, aside from the wunidity question on the Type B1/S
coating, they are all considered suitable for application %0 cclls.

PASE (c) Testing of Bavironvental Stability

wwe four coating types (L through k above) which were approved for
speotral characteristics were included in an environrental test series.
In evaluating envircuwental cepabllities, 4+ 1o necessary o exaxine
also tue bonding resins, since the characterisiies are interdependent.
AL} transparent resias unown %0 be suitable for bonding giecs slips to
solar cells are being treluded in the evaluation. Tae follovwing group
of resing was selected for the Pirst test series:

a. Spectrolab Type B=:0

b. Spectrolab Type B-60

¢. Spectrolad Type B-81

d&. Spectrolab Tyme B-5

e. Biggs Type R 823

r. Biggs Type R 313

g. Dow Corning Type Q 3-00%0

#. Purane Type 15B

4, Purane Type 212

jo Marblette Type 655

Spectrolab Type B-li0 was not included in the investigation. Tals
resin ic e new formulation which unfortunately, did not progress to &
point where it could be included in the originel series.

Bnvironmental tests were perforimed on three different test sample
configurations. For ultraviolet irradiation, three slips are mounted on
o"y0",, 040" glass backing plates. For beta irradiation, the coatings
are applied directly to Corning type T940 quartz, half of which are
1aminated to & second quartz plate (the other half are not). The third
test sample configuration, used for all other tests, consists of
twenty cells assembled into four 5-cell shingles which are mounted on
aluminum plates. All combinations of the nine resins and four coatings
are included in the tests, making 36 configurations in all.
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Tae following environmental tests vhich are imovn to be pertineat
and of eongern far coatings have veen included in this program. Tests
such as vibration which are sob of concern for coatings have not been
included. The tests lave beoen designed to conform with the genersl
level required for nost satellite missions. In some caces, the severest
of such test conditions have been used. Following is & swwary of the
yaricus environvental exposures:

1. Hustdity

Toe sanples are placed ina ther=ostatieslly controlled Bemeo hunidity
chaxbor operating at a constant level of greater than 95% relative
pmddity at 55 C. The sanmples are rezoved after 50 hours and dried,
cleaned, inspected and paotographed.

2. High Temperabwre Storage

The sazples are placed ina Taelco mre-heated thermostatieally con-
twolled oven set at 80°C. The temporature of a typical plate reaches
78°C 1in less than 1 minute. Samples remain in the oven for 12 hours
and are then removed, cleaned, inspected and photographed.

3. Low Temperature Storage

The samples are placed ina pre=cooled thermostatically con-
srolled environzental chazber, whose temperature is lowered to -75°C in
5 minutes. A typical sample plate reaches =73°C approxirately one
minute after the chasber, The samples are maintained at this temperature
for 12 hours, after which time they are removed, cleaned, inspected and

photograpned.

L, Temperature Shock
The samples arc pleced in a specially constructed cold chamber

and the chamber is reduced to =75°C in less than 2 minutes. This
temperature is maintained for 15 minutes. The chamber temperature is
then raised to +25°C in 2 minutes, maintained at 25°C for 15 minutes
and lowered to =75°C in 2 minutes. Ten complete cycles are performed.
On completion of the final cycle, the samples are returned to room tem-
perature, removed, cleaned, inspected and photographed.

5. Vacuum Storage
The samples are placed in a vacuum chamber which is evacuated in

10 minutes to a pressure of 10'5 mm of mercury. The sample is stored in
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£nis vaouun at roon temperature for 6 hours, and is then removed, cleaned,
inspected and photographed. The test is then repeated with the sazple
maintained at a tesperature of 65°C.

6. Ultraviolet Irradiation

The special samples prepared for the ultraviolet irradiation tests
are exposed for a pericd of 6 hours to a source having an ultraviolet
irradiation equivalent to 1500 tinmes the air-sass-zero sun. In a period
of 6 hours it 1s thus possible to simulate the integrated effect of the
sun for a one-year orbit with 1006 illumination. For non-oriented
catellites and those ¥aich pass into the Barth's shadow, this would be
equivalent to as zmuch as & to 6 years of irradiation.

The early tests are being performed in an air at=ospiere. The effect
of an air environment for such tests is to accelerate darzage. Hovever,
since the resins are covered except for a thin glue line at the boundaries,
tre tests in air should be equivalent to those in vacuwa. The illuzinated
arca extends across part of the cell edges. If any damage is noted at
tnese points, additional testing in vacuun vill be performed.

The test source consists of a GE Mercury AH 6 lamp in a wvater
cooled quartz jacket focused by means of a two-lens quartz aspheric
combination co as to illuzinnte an area approximately 25 x 1.5 ma. A
scheratic diagram and a photograph of this apparatus are shown in
Figures 30 and 3l.

7. Beta Irradiation

The special samples prepared for beta tests will be irradiated with
e current density of 1.6 ua/cm2 at an energy level of T50 kev. At this
irradiance, in one second, 1043 elec:tronss/cm2 would be incident.
Integrated test durations will be 10 and 100 seconds, corresponding to
101h and 1015 elec*l'.roma/cm2 , respectively. The spectral transmission of
the samples will be measured before and immediately after irradiation.

8, Future Tests to be Included
a. Very high vacuum, to pressures less than 107,
b. Vacuum testing of resin samples (without coatings).

c. Temperature cycling «120°C to +80°C to ~120°C etc. for a
minimum of 30 eycles with transitions occurring in less than
5 minutes and constant temperatures maintained for at least
30 minutes.

d. Ultraviolet irradiation in vacuum.
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6., Test Conclusioss tO Date

e results for the Pive=tesl serics conpleted to dale are included
&s Tables I through V. The Filter failures are described as severe,
moderate, 1ight and erached glass. A esall glass erack arising generally
Prom thernal stresees in the cold test 15 nov conglidered serjous. A

light Tilter fajlure reprecents a diffieulty ¥aich is barely roliceable
under carefl examination, but is not generally noticeable o aa
unexilled fnepector. A modevaie fallume s clearly noticeadble and would
ye cause Yor rejeciion st Spectrolad, but unless i* wers 0 become mOre
gevere, would ot degrade nodule performance. A gevere fatlure ig ong
whioch covers at least 10 percent of the cell arca. The demarzaiion
vetween moderate and severe davage ls o a certain extent subjective.
Tor the above test geries o Pallures Menc encountered for any CO%=
wingrions in elther the hot OF VAtUUm Tasis. Batween nal? and all of the
s watdity for all

a

#11ters bonded with resine e, 7, &, & and J felled in k
types. As expacied, coasing type 2 failed in nustdity in varyling degrees
ror the remaining fowr resins b, o, d end h. Spectroladb resin Lype 265
tn co=bination with coatlng iypes 1, 3 and 5 appears most suitable.

For this resin, eside roz & e=nall filter crack for coating tLype 3, only

arate fallura wags encouniered for Pilter type 4. Saxmples using

[+

one =0
vagin Ltypes b, ¢ and h were characterized by a scattering of poderate
and lignt failures end ilter cracking. By slightly rodified compound-
ing, wore cereful hendling or for somewhat less severe environrental
tests, these three resins may meet the requirements for this spplication,
end they will therefore be examined in further detail as time permits.

Wnen used with the proper resins, coating types 1, 3 end k are all
found to meet the general environmental requirements for this application.
The numbers of test samples (20 each) were insufficient for fully
establishing environmental capabilities, and it 1s suggested that further
testing be made in connection with specific vehicle programs.

Mr. Marshal Pearlman has been investigating additional resins and
has prepared a further group vwhich may be included in these tests if
time permits.




TASK THREE: Adapration of Window Costings to Solar Celle.

Pavticularly for higher illumination levels, the ideal solar cell
costing has a transnission window extendinz voughly from 45 1o 1.0% 5,
reflecting the regions below and above (o adout 3 i) this band, and
providing high absorbance ia the region beyond kor 5 He

Several different coating tochniques could conceivably be used to
achieve the basic window gelectivity. These night include certain gomi-
condueting filme, such as wetallle sub-oxides, c.g. stannous oxide, etc.,
doped with appropriate imourities Lo induce netallie reflection
properties in the near fnfra-red, while pregerving high transmisaion
properzies in the vigible. BY combining such a film with a short
vavelengih miltilayer rellector and a lonz wavelength abgording wadiwm,
tie desired properties could be achieved. Howvever, theoretical
considerations leed to the conclusion that to achieve sufficiently high
sorlactance in the near iafra-rved, the ahgsorption loss in the visible
would exceed 10 percent. Experimentally this conclusion has been vorne
out in programs almed at providing yigible-transmitting infra-red
rofloctors and electrically conducting Pilms. Moreover the transition
feom transmission to reflection for such coatings ig rather gredual,

whereas sharp Jlemarkation between the reglons is importiant.

The most direct solution to the problem would be through use of &
multilayer interference filter. However, to be effective, such a filter
rust reflect the region from just beyond 1 to at least 2 H. By normal
interference methods, & constructive interference band formed of
plternating layers all having optical thicknesses nt would produce a
primary reflection band at & vavelength of 4 nt. Additional reflec=-
tence bands would be rormed at wevelengths of L/3 nt, 4/5 nt, etc.
Actually, because of dispersion these additional bands are peaked at
somewhat longer wavelengths, Thus, with a quarter wave reflection band
at 1.5 B, there would be a three-quarter wave band at 5 M, an
intolerable situation.

On the other hand, the width of the reflection band is proportional
to its peak wavelength and inversely proportional to its order. Thus
the three=-quarter wave band has approximately 1/9 the baendwidth of the
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quarter wave band. For a conventioral miltilayer interference filter
compoged of alternating dielectric layers, the bandwidth depends upon
the index ratio of the two materials. Suitable materials vith visible
transparency are limited to such high index materials as zinc sulfide,
cerium dioxide and titanium dioxide, etc. (with indexes of the order of
2.3 to 2.6 in the visible and 2.2 to 2.45 in the near mi’u-red), and
to such low index materials as cryolite, chiolite and magnecium fluoride
(vith indexes ranging from approximately 1.3 to 1.4). There are, of
course, numerous intermediate materials which may aleo be glven
consideration for such special properties as long wavelength emissivity.

With such materials as thommentionad above, a rough rule of thumb
is that the first order reflection band covers the band from roughly
82 percent to 122 percent of the center vavelength. Thus, a reflection

band at 1.5 p would have a bandwidth of 600 M, extending approximately
from 1.23 to 1.83. The three-quarter vave peak would fall at about
50 mu (shifted from 500 mpt due to dispersion) and would have a band-
vidth of approximately 65 mut. Shortening the coating go that the cut-ofl
falls at approximately 1.05 #, the SO percent band limit would fall at
about 1.56u and the three-quarter wvave band would cover between 420 and
480 mu. This in erfect has been done for the Fish-Schurman cell
coating, type 3119. It should be pointed out, however, that such
coatings generally have excessive transmission losses in the actinic
region and the reflection bandwidth, which is only about 500 mp in the
near infra-red, is insufficient for cell coating. Examples of such
coatings are shown in Pigures 25 and 33.
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Realizing the difriculty of this task, it was lmmediately decided
to sdapt an unusual Filter coafiguration which has been explored at
Spectrolad., This coating differs r'ron the convent ional reflection
stack. A sample of such a reflection filter is shown in Figure 3k,
Note that there is no sccondary three-quarter wave reflection band as
in the conventional interferemee rilier. Adapiation of this filter %o
the solar cell applicatfon reguires the following tasks:

Pirst, the spectral characteristics nceded to be modified by
addition of a conventional short wave band filter to form a band
covering the range from 1.05 to 1.0 #.

Sccond, this rilter is known to be sonewhai unstable (particularly
under prolonged exposure to olevated temperatures) and hence the
paterial structure must be modiried to improve stability.

Third, it s desirable to introduce into the rilter materials vhich
have high enissivity in the region beyond 4 mierons. Such absorbing
raterials would make poseible direct deposition.

The last two problems reduce to a material survey. To improve
stability, suitable interlayer films which will reduce diffusion and
chemical reaction are desired. To improve infra-red emissivity, these
protective films should have high infraered absorbance. The infra~-red
properties of a nuzber or materials are therefore being investigated.
Tuecse include the rare earth oxides, oxyrluorides and fluorides which
have good thermodynamic stability and which should control dirfusion.
The interwediate infra-red properties are being studied. A literature
search failed to locate any pertinent data beyond 2 R, although some
information has been published by Hass, et al, lor the shorter wave-
length regions. Some of this data is presented in Figure 35 which
ghows the refractive indexes of oxides and fluorides of lanthanum,
praseodymium and neodymium.

As an alternative, silicon monoxide or silicon dioxide could be
used, but there is still some concern about their stability in the high
radiation and ultraviolet fields of near Earth space.

This portion of the program has been delayed considerably by
problems associated with the move to our new laboratory. Unfortunately
this move is some ninety days behind schedule. Equipment which was
ordered for carrying out the special evaporation experiments is now
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ready for installation and will be coordinated with the completion of
that portion of our new laboratory during the next few weeks.
Unfortumtely these delays, which were beyond our coatrol, have
seriously impeded progrese in this phase of the program.

Attempts to evaporate the above listed rare earth vaterials in our
present evaporation plante proved unsuceessful. ALl Pllms were soft
and opalescent. It was therefore decided to postpone any rajor exphasis
on this task until sultable equipment became avallable.

Realizing, of course, the physical limitations, geveral gazples of
the early Spectrolad window coating have nevertheless been produced.
Co=bining this coating with a short wavelength veflector, the resultant
transmission curve is showm in Figure 36. liote that this characteristic
clogely epproximates the desired window properties as expressed in the
orizinal goal of the progras as indicated in Figures 11 and 12. These
coatings will be repeated on thin slips lor application to cells and some
temperature equilibrium studies will then be performed.

In the meantime it is hoped that additional progress on the material
study will be effected so that satisfactory physical characteristics

can also be achieved.
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Section 9
CONCLUSIONS

The prograx has been divided into three separatie tasks. The first
task includes a theoretical evaluation of the thermal gains from solar
cell coatings. Several different filter and array configurations have
baon examined and the results are presonted. In this report, a
specific array was chosen vhich is described in Section 3, Tagk One.

For this particular model array in an Barth orbit, a gain of as much as
50 percent in cell efficlency can be expected, and for a Venus orbit,

an increase by a factor of mor2 than 2. For other array configurations
(for example, a non-oriented systm) the gains will be even greater, and
for concentrator systens the coatings are of even mere significance.

In Task Two state-of-the-art coatings are evaluated. For general
purpose applications, the only approved contings appear to be
Spectrolab's type A and B/2 and the Optical Coating Laboratories® type
207 SCC. All three coatings yield approximately equivalent efficiency
gains and are found to be environmentally stable when used vith a
1imited group of resins. Tne resins so far found to be prozising
tnclude Spectrolab's types E-60, E-61, and £-65 and Furane's type 15 B.

The evaporation prograxz has been delayed significantly by equipment
and facility problems associated with our move to new quarters. Some
1imited evaporations have been completed and a sample having
approximately the desired spectral properties has been prepared. The
sample transmission characteristics are shown in Figure 36.

Bfforts will continue, particularly on the Third Task and to a
certain extent on the Second Task of the program.
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Section 6
PROGRAM FOR Til WEXT INTERVAL

The present move Lo our new laboratory and momentary arrival of
considerably expanded facilities should permit an iscreased effort and
productivity during the mext period. The koy to the success of this
progras lies in the naterial study for antidiffusion films for the
Spactiolab window coating.

During the next pericd emphasis will be shifted to work on
preparation of improved window films. In particular, the efforis will
be concentrated on the above-mentioned materials study and on an
experimental deternination of equilibriun temperatures of coated cells,
particularly with the experimental window comtings prepared to date and
thoge which will be prepared during the next few weekg.

As soon as materials having suitable optical properties are
developed, they will be introduced into the coatings in an attempt to
improve the near infra-red emittance. Bfforts will continue with the
present material complex to study the effects of impurities and methods
of film preparation on coating stability.

Discussions with Dr. iass have indicated that their results for
rare Earth salis were obtained by very fast evaporationg {'rom enclosed
boats. Our attempts to evaporate from filarentary heated crucibles
were found unsatisfactory and hence the enclosed boat method will be
tried in the new cvaporators. Secondly, heavy out-gassing of the
materials prevented maintenance of a guitable vacuum for preparation of

physically suiteble films.

A small amount of effort will be required for the state-of-the-art
coating evaluation task, particularly to complete the ultraviolet and
beta irradiation experiments. In addition, a survey series of suitable
resins has been completed by Mr. Marshal Pearlman. These new resins
are presently being prepared and will be evaluated as time permits.

- 26 w




Secsion 7

IDINTIFICATION JF KEY FERSONNTL

Tre wark deseribed in this report has been and will be performed
by and under the gsidance of he following Spectrola:r personnsl:

AlPrad 2. Mann, President

Hr. Mann is a graduaie of the Usiversity of California at Los Angeles
vizn extensive graduate work in nuclear and zathematicgl physics. He
nas completed the acedenic studies and oral exa=inations for the

P4.D. dogree and is a me=ber of Pi Mu Zpsilon and Pni Beta Kappa
ronorary socleties. He is active in various professional societies,
including the Cptical Society of America, the Acerican Rocket Society,
the Spectroscopy Sociery, the Asmerican Chemical Society, thc Coblenz
Society, and the Society of Motvion Picture ‘and Television Engincers.

¥r. Mann, for five years President and Director of Enginecering of
Specirolab, has contridbuted significantly to advances in radiomeiry,
vacuuz physics, thin-fil= optics , and advenced methods of methemeticel
aselysis. Ye nas puienicd two lnventions, and five more patents are
pending. Formerly Mr. Mann w.s & project supervisor at the Technicolor
Corporation, where he directed research in the Tields of radiation
dazage, optical physics, rediomeiric instrumentation, and digital and
anelog compuier programaing.

Author of many tcientific papers, Mr. Mann's publications during this
past year include "Spectrally Selective Optical Coatings for Soler

Cells", "Design Considererions for Soiar Simulation", "Solar Panel
Design Considerations”, and "Narrow Band Filters for Emission

Spestroscopy”, presented at the Power Sources Conference, the American
Rocket Society Space Power Systems Conference, and the Pittsburgh

Conference on Analytical Chemistry.
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Dy, Rorald Bell, Sexnfop Fawatesst
Dr. Bell graduated with first class hosors from the Royal College

!? P mw

of Science ia London wizh majors in special math ssd specisl Physics.

Ho 1g a mewder of the Issuimute of Paysics, drisish Isstitute of Radio

Engingevs, Dritish Insilluic ¢ of Blecivonie Ingimeers, axd ike Awriean

Prysteal Scetety. i enployment GNpoYiende ineludes positions with

tha Britigh Telocorpaniestions Research Perablizhment, Do Havilland
Propellor Compasy, Tecknicrysials, Wesirex Corporasion, Unlversel
Teansistor Products, and Greer Hydraulics {Sirector of Bezesreh).

B, Bell fg now exployed as 4 Senior Payslelst for Spectrolad.

Yipeinia Larsen, Favsielst

Mrg. Larsen geaduared from tha Unlversivy of Southern Califoraiz
and obtoined her MA at los Asgeles State College. She nas eight years!

experience in the flslds CF iniraered, ultraviciel, and oBLS SpECILYO-

scopy; having been englgid nd o paysicisy asg cre=feal enginger with Th
Snall 0:1 Compeny, 8¢ &n LngLrucior in P ssice, engineering, ad

astronomy at Long Beach Cliy Ccilege; gnd L8 o ledturer LN &SINONSIY &R

tre University of Cailifornia at los Angeles. 4 masterts degree in

astrophysics with & specieiiy In ~atacrites is pending from U. C.L.A,

Mrg. Lavgen 1g cuvrestly ezployed as & physicist By Spectroilas.

Approxizately 1700 hours have veen expended on this project during

the period 25 Jenuary 1660 tarough 30 June 1960

Alfred Z. Mann, Seaicr Paysicist 220 nours
Roneld Beli, Senior Faysicist 90 nowrs
Virginie Lersen, Fhysicist LOD nours
techniciens 960 hours
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